Introduction {#Sec1}
============

Nucleic acid-based molecular diagnostics are of paramount importance in medical diagnostics owing to their high specificity and sensitivity as well as their ability to genotype targets, among other advantages. Many nucleic acid detection assays for molecular diagnostics have been proposed that employ target amplification or/and signal amplification. However, to date, polymerase chain reaction (PCR) remains the gold standard for nucleic acid tests, which are mostly conducted in diagnostic laboratories owing to the complexity of PCR procedure^[@CR1]^. Recent outbreaks of Zika virus and Ebola showed that the ability to detect nucleic acid targets of pathogens at the point-of-care (POC) or in austere settings is highly desired. Rapid, accurate, POC nucleic acid detection devices can help rapidly identify infected patients at the site of care, thus preventing diseases from spreading and informing interventional procedures. Such devices are highly desired not only in developing countries but also in the developed world.

Signal amplification assays offer specific operational advantages compared to traditional PCR-based target amplification assays as described in recent review papers^[@CR2]--[@CR4]^. While target amplification assays are sensitive, they require target extraction and purification, complex reaction mixtures, and are prone to false-positives. In contrast, signal amplification assays typically do not require nucleic acid purification and target amplification steps, thus simplifying the detection workflow. Furthermore, signal amplification assays can avoid both target loss resulting from nucleic acid purification and imprecise quantification resulting from biases in target amplification. Finally, signal amplification assays do not require enzymatic amplification and are therefore more resistant to inhibitors and less prone to false positives. However, signal amplification assays also have limitation. Compared to PCR-based target amplification assays, most existing signal amplification assays have lower sensitivity. Many efforts have been devoted to develop ultrasensitive signal amplification assays for detection of unamplified nucleic acid targets^[@CR2]--[@CR11]^. In most of these works (except for^[@CR5]^ and^[@CR11]^), however, nucleic acid was purified prior detection, and direct detection of nucleic acid targets in blood lysate was not demonstrated.

SERS is an appealing candidate for signal amplification assays. SERS is a phenomenon in which Raman scattering of molecules adsorbed on metallic nanostructures is enhanced millions of times or more^[@CR12],[@CR13]^, and in prior studies has proved to be a sensitive analytical technique with single molecule sensitivity^[@CR14],[@CR15]^. Based on SERS, different chemical and biological sensing assays for *in vitro* and *in vivo* medical diagnostics have been reported^[@CR16]--[@CR18]^. SERS-based nucleic acid detection has attracted a lot of interest^[@CR19]--[@CR49]^ our group reported a sensitive nanorattle-based sandwich assay, in which the presence of synthetic nucleic acid targets in hybridization buffer was detected by sandwich hybridization of magnetic beads functionalized with capture probes and ultrabright SERS-encoded nanorattles functionalized with reporter probes^[@CR50]^. However, to the best of our knowledge, SERS-based direct detection of nucleic acid targets in un-manipulated blood lysate has not been reported. Such capability will simplify the sample preparation process, which is the true bottle neck in nucleic acid-based molecular diagnostics at the POC or low-resource settings^[@CR51]^. However, to the best of our knowledge, SERS-based direct detection of nucleic acid targets in un-manipulated blood lysate has not been reported. Such capability will simplify the sample preparation process, which is the true bottle neck in nucleic acid-based molecular diagnostics at the POC or low-resource settings.

In this manuscript, we developed a new class of ultrabright SERS-encoded nanorattles based on nanocubes, referred to as cube nanorattles, and employed them for direct detection of unamplified malaria RNA in blood lysate. The cube nanorattles have core-gap-shell structure in which Raman reporters are loaded in the gap space between the core and the shell, thus improving SERS signal stability. We then utilized the cube nanorattles for nucleic acid detection based on sandwich hybridization. In comparison to the SERS-based single-step nucleic acid assays^[@CR38]--[@CR40],[@CR43]^, sandwich hybridization requires washing to remove the unreacted components and non-specific bindings. Manual washing is laborious and not suitable for POC and automatic washing using microfluidics requires pumps and valves for fluid manipulation, which adds complexity and cost. To meet the need for simple but automated washing, we herein present the concept of a "lab-in-a-stick", in which sequential washes are integrated in a portable device for automatic washing. The portable device includes an aluminum heat block with closed-loop temperature control and a handheld Raman reader for SERS measurement. Experimental results showed 200 fM limit of detection with synthetic targets, which was equivalent to 2 attomoles given the tested sample volumes. Furthermore, we demonstrated that the combination of the cube nanorattle-based sandwich assay and the lab-in-a-stick portable device successfully detected real RNA targets extracted from the malaria parasite *Plasmodium falciparum*. Finally, as a proof-of-concept, SERS-based direct detection of *P*. *falciparum* RNA in malaria-infected RBC lysate was demonstrated for the first time. Further development and optimization of the nanorattle-based sandwich assay and the lab-in-a-stick portable device have potential to produce a "sample-in-answer-out" molecular diagnostic device that can be used in the field and at the POC.

Results and Discussion {#Sec2}
======================

SERS-encoded cube nanorattle synthesis and characterization {#Sec3}
-----------------------------------------------------------

Figure [1A](#Fig1){ref-type="fig"} shows different steps of the cube nanorattles synthesis process, which was developed based on previous works^[@CR52],[@CR53]^. First, single-crystal, spherical gold nanoparticle (AuNP) cores were synthesized by a seed-mediated method^[@CR52]^. The AuNP cores were then coated with cubic Ag shells to obtain AuNP\@AgCube. Galvanic replacement^[@CR54]^ was used to transform cubic Ag shells into cubic Au-Ag cages containing AuNP in the interior (AuNP\@CubeCage). Raman reporters were loaded into the space between AuNP cores and porous cubic cages. After loading Raman reporters, the porous cubic cages were turned into complete shells by a final Au coating to obtain cube nanorattles.Figure 1(**A**) Cubic nanorattle synthesis process. TEM images of (**B**) AuNP; (**C**) AuNP\@AgCube; (**D**) Reporter loaded AuNP\@CubeCage; (**E**) Cube nanorattles.

TEM and SEM images of the intermediate and final products of SERS-encoded cube nanorattles are shown in Fig. [1B--E](#Fig1){ref-type="fig"}. Figure [1B](#Fig1){ref-type="fig"} shows 14 nm AuNP which were subsequently grown into 20 nm AuNP (not shown). The 20 nm AuNP were coated with cubic Ag shells to obtain AuNP\@AgCube (Fig. [1C](#Fig1){ref-type="fig"}). The edge length of cubic Ag shells was 34 ± 2 nm. It is noteworthy that the successful formation of cubic shape of the Ag shells strongly depended on the crystallography of AuNP cores. When single-crystal AuNP cores synthesized using growth solution containing CTAC and high ascorbic acid concentration as described in^[@CR52]^ were used for Ag coating, mostly cubic, single-crystal Ag shells was obtained (Fig. [S1A](#MOESM1){ref-type="media"}). This could be explained by the higher growth rate of Ag on the {111} facets than on the {100} facets of this kind of AuNP cores, resulting AuNP\@AgCube dominated by the {100} facets^[@CR52]^. When AuNP cores synthesized using growth solution containing CTAC and low ascorbic acid concentration as described in^[@CR55]^ were used, mostly spherical, single-crystal Ag shells were obtained (Fig. [S1B](#MOESM1){ref-type="media"}). Similarly, when polycrystalline AuNP cores synthesized using citrate method were used, mostly spherical, polycrystalline Ag shells were obtained (Fig. [S1C](#MOESM1){ref-type="media"} and [D](#MOESM1){ref-type="media"}).

Using galvanic replacement, AuNP\@AgCube were turned into AuNP\@CubeCage composed of cubic Au-Ag cages with AuNP in the interior (Fig. [1D](#Fig1){ref-type="fig"}). The cubic Au-Ag cages had edge length of 37 ± 3 nm and wall thickness of 3.5 ± 0.5 nm. The cubic Au-Ag cages were porous with holes at corners of the cubes (Fig. [S5](#MOESM1){ref-type="media"}), indicating that the Ag dissolution started at corners of cubic Ag shells of the AuNP\@AgCube. This could be explained by the poor passivation, provided by poly(vinyl pyrrolidone) (PVP) - a stabilizing polymer present in the reaction mixture, of the {111} facets at the corners in comparison to passivation of the {100} facets on side surfaces of cubic Ag shells^[@CR56]^. The existence of these holes allowed Raman reporters to diffuse into the gap space between AuNP cores and porous cubic cages to obtain reporter-loaded AuNP\@CubeCage (not shown). After Raman reporter loading, the porous cubical cages were turned into complete shells by a final Au coating to obtain SERS-encoded cube nanorattles (Fig. [1E](#Fig1){ref-type="fig"}). The size of nanorattles was 54 ± 6 nm. The role of the final Au coating step was to prevent Raman reporters from leaking out of nanorattles, thus improving SERS signal stability. In a previous work, our group has demonstrated that nanorattles with final Au coating have stable SERS signal in cellular system for 24 h^[@CR57]^.

To investigate the relationship between the amount of Au coating to nanorattles' SERS signal stability, nanorattles with different amounts of final Au coating were suspended in 10% hydrogen peroxide, and SERS intensity was monitored along the time. Nanorattles coated with higher amount of Au showed a slower rate of reduction of SERS signal (Fig. [S2](#MOESM1){ref-type="media"}), thus having better SERS signal stability. We therefore expected our SERS-encoded cube nanorattles, with final Au coating, to have better SERS signal stability than SERS-encoded nanorattles without final Au coating previously reported in^[@CR53]^. It is noteworthy that higher Au coating amount resulted in thicker shells (Fig. [2](#Fig2){ref-type="fig"}), preventing more light from reaching and exciting Raman reporters residing in the interior of nanorattles, thus resulting in lower SERS intensity (Fig. [S3](#MOESM1){ref-type="media"}). There is therefore a trade-off between SERS signal stability and intensity. In this work, the thickness of the final Au coating was adjusted to \~10 nm to achieve SERS signal stability in cellular system^[@CR57]^ while still exhibiting bright SERS intensity.Figure 2TEM images of (**A**) AuNP\@AgCube, (**B**) AuNP\@CubeCage, (**C**) Cube Nanorattle-50, (**D**) Cube Nanorattle-100, (**E**) Cube Nanorattle-200, (**F**) Cube Nanorattle-400. The numbers indicate volume (µL) of 5 mM Au^3+^ used for final gold coating in 10 ml batches.

SEM images and optical extinction spectra of AuNP\@AgCube and AuNP\@CubeCage are shown in Fig. [3](#Fig3){ref-type="fig"}. Using the backscattered electron imaging mode of SEM (FEI Verios 460 L), spherical AuNP cores inside of AuNP\@AgCube and AuNP\@CubeCage could be clearly seen (Fig. [3A,D](#Fig3){ref-type="fig"}, respectively). In addition, while Ag shells of the AuNP\@AgCube are solid (Fig. [3A](#Fig3){ref-type="fig"}), Au-Ag shells of the AuNP\@CubeCage are hollow (Fig. [3D](#Fig3){ref-type="fig"}). Backscattered electron imaging mode of SEM provides alternative to TEM to look at inner structures of nanoparticles. Conveniently, upon switching to the common secondary electron imaging mode of SEM, the exterior of AuNP\@AgCube and AuNP\@CubeCage can be seen (Fig. [3B,E](#Fig3){ref-type="fig"}, respectively). While Fig. [3B](#Fig3){ref-type="fig"} confirms the cubic shape of AuNP\@AgCube, Figs [3E](#Fig3){ref-type="fig"} and S[5](#MOESM1){ref-type="media"} show holes at the corners of AuNP\@CubeCage. As previously mentioned, the existence of the holes allowed Raman reporters to be loaded into the interior of AuNP\@Cage.Figure 3SEM images (**A**,**B**) and optical extinction spectra (**C**) of AuNP\@AgCube; SEM images (**D**,**E**) and optical extinction (**F**) of AuNP\@CubeCage; (**A**) and (**D**) were acquired in back scattering mode.

Optical extinction spectra of AuNP and AuNP\@AgCube are shown in Fig. [3C](#Fig3){ref-type="fig"}. While AuNP has a localized surface plasmon resonance (LSPR) peak at 522 nm, AuNP\@AgCube has LSPR peak blue shifted to 448 nm. The disappearance of AuNP peak in AuNP\@AgCube extinction indicates that Ag shells are thick enough to screen AuNP resonance. Figure [3F](#Fig3){ref-type="fig"} shows the evolution of LSPR of AuNP\@AgCube during galvanic replacement reaction. When total amount of Au^3+^ added to the reaction is increased, the 448 nm peak decreases, indicating that Ag shells were continuously being dissolved. Simultaneously, the extinction in near-infrared region increased. The increase is attributed to the formation of hollow cages as the galvanic replacement reaction proceeds. At the end of the galvanic replacement reaction, LSPR peak at 522 nm reappeared, indicating that the hollow shell of AuNP\@CubeCage was no longer thick enough to screen LSPR of AuNP residing inside the AuNP\@CubeCage. The shoulder at around 448 nm was likely due to residual Ag in bimetallic Au-Ag hollow shell of the AuNP\@CubeCage.

Upon loading Raman reporters into AuNP\@CubeCage followed by final Au coating, cubic nanorattles were obtained. Figure [4](#Fig4){ref-type="fig"} shows nanorattles loaded with different Raman reporters, thus possessing distinctive spectral fingerprints. Among four Raman reporters, HITC and IR780 yielded higher SERS intensities than IR725 and IR797. Employing principal component analysis^[@CR58]^, these nanorattles can be easily differentiated (Fig. [S5](#MOESM1){ref-type="media"}). Compared to gold nanostars (AuNS), another SERS-encoded nanoparticles developed in our group, cubic nanorattles showed \~5 times higher SERS intensity with HITC reporter and \~3 higher with IR780 reporter (Fig. [S7](#MOESM1){ref-type="media"}). In contrast to AuNS where reporters simply adsorb on AuNS surface -- thus being more prone to reporter desorption and signal degradation, nanorattles well protect the Raman reporters inside their complete metal shells, resulting in highly stable SERS intensity as discussed above.Figure 4SERS spectrum of SERS-encoded cube nanorattles loaded with different Raman reporters.

It is noteworthy that, in this work, two different methods to load Raman reporters into AuNP\@CubeCage, with and without the employment of phase-change material 1-tetradecanol, were investigated. In the method employing tetradecanol^[@CR59]^, Raman reporters were trapped inside AuNP\@CubeCage. Raman reporter-loaded AuNP\@CubeCage can thus be washed several times without significant Raman reporter loss during washing. Multiple washing helped to remove the excess reporters on AuNP\@CubeCage outer surface, resulting in relatively uniform final Au coating (Fig. [2](#Fig2){ref-type="fig"}). In another method, AuNP\@CubeCage were simply mixed with Raman reporters in solution at room temperature for several hours without tetradecanol. Raman reporters attached to inner and outer surfaces of AuNP\@CubeCage due adsorption. The AuNP\@CubeCage were then washed once followed by final Au coating. Although this Raman reporter loading method was simpler, the uniformity of final Au coating varied depending on Raman reporters (Fig. [S7](#MOESM1){ref-type="media"}). While HITC and DTTC Raman reporters resulted in uneven Au coating (Fig. [S7A](#MOESM1){ref-type="media"} and [B](#MOESM1){ref-type="media"}), IR780 and IR792 resulted in nice uniform Au coating (Fig. [S7C](#MOESM1){ref-type="media"} and D).

Lab-in-a-stick concept {#Sec4}
----------------------

The detection scheme of the nanorattle-based sandwich assay is shown in Fig. [5](#Fig5){ref-type="fig"}. Magnetic beads and nanorattles are functionalized with DNA capture probes and DNA reporter probes, respectively. The two probes are designed to be complementary to the two ends of the target sequences. In the presence of the target sequences, hybridization sandwiches of magnetic bead-target sequence-nanorattle are formed (Fig. [5A](#Fig5){ref-type="fig"}). To wash away the unreacted components in automatic fashion, "lab-in-a-stick" concept was developed (Fig. [5B](#Fig5){ref-type="fig"}) based on previous works^[@CR60],[@CR61]^. All reagents are loaded into glass capillary tubes/sticks. Solution 1 is a mixture of magnetic beads functionalized with DNA capture probes, target sequences, and SERS-encoded cube nanorattles functionalized with DNA reporter probes in hybridization buffer. Solution 2, 3, and 4 are washing buffers. Solution 5 is buffer solution for SERS measurement. PCR-grade mineral oil was used to separate the solutions. In step (a), target sequences are captured by magnetic beads and labeled by SERS-encoded nanorattles in hybridization mixture 1. Upon hybridization sandwich formation, the glass tube is moved to the right so that the hybridization mixture is right above permanent magnet. The hybridization sandwiches are pulled down by the magnet and form a pellet as shown in step (b). The tube is then slowly moved back to the original position during which the pellet of hybridization sandwiches is dragged through the washing solutions 2, 3, and 4, leaving unreacted nanorattles and non-specific binding behind as shown in step (c), (d), and (e). Finally, in step (f), SERS signal is measured by focusing laser onto the pellet of hybridization sandwiches in measurement buffer 5.Figure 5(**A**) The nanorattle-based DNA detection method using sandwich hybridization of magnetic bead that are loaded with capture probes, target sequence, and ultrabright SERS-encoded nanorattles that are loaded with reporter probes. (**B**) Lab-in-a-stick concept.

The use of a permanent magnet for pulling magnet beads through different solutions loaded inside a tube have been previously reported by the Haselton group^[@CR60]--[@CR62]^ and several other groups^[@CR63]--[@CR67]^. Besides permanent magnets, electromagnets have also been used^[@CR68]^. The movement of magnetic beads in these works were however mainly for nucleic acid purification. Negatively-charged nucleic acids in sample lysate are bound onto positively-charged silica magnetic beads through charge interaction. The nucleic acid-bound silica magnetic beads are then moved through different washing buffer to remove non-specifically bound impurities. The purified nucleic acid was detected using enzymatic amplification such as PCR or loop-mediated isothermal amplification (LAMP). Wang *et al*. used magnetic beads conjugated with antibody to capture CD4 cells in unprocessed whole blood. The CD4-bound magnetic beads were then moved through different solutions for washing and enzyme-linked immunosorbent assay (ELISA) detection^[@CR67]^. Gottheil *et al*. reported a similar concept for interleukin-8 detection using fluorescence readout^[@CR66]^. To the best of our knowledge, the herein presented employment of pulling magnetic beads through a tube for washing nucleic acid hybridization sandwiches has not been reported.

Washing off the excess nanorattles and non-specific bindings from hybridization sandwiches is critical to achieve low blank signals (background), thus lowering limit of detection. The lab-in-a-stick concept enables automatic washing of hybridization sandwiches without the need of microfluidics which often require fluid manipulation using pumps and valves. The washing process was accomplished by simply pulling preloaded-loaded tube back and forth relative to a permanent magnet. This is a step forward in comparison to the laborious and time-consuming manual washing that was previously used in which hybridization complexes were concentrated by a permanent magnet or a magnet stand followed by manual pipetting (Fig. [S10](#MOESM1){ref-type="media"}). Lab-in-a-stick washing is thus more suitable for POC applications. In the following section, we will describe how we integrated the concept into a portable device that was designed for employment at the field.

Lab-in-a-stick integrated device {#Sec5}
--------------------------------

The design and images of the portable device integrating the lab-in-a-stick concept are shown in Fig. [6](#Fig6){ref-type="fig"}. Since nucleic acid-based diagnostics is usually implemented with each sample having multiple replicates in addition to negative and/or positive controls, we designed the device to be able to process multiple samples simultaneously (up to twelve). SolidWorks 3D model of the device is shown in Fig. [6A](#Fig6){ref-type="fig"}. A stepper motor was used to drive two horizontal rollers, which in turn drive the glass tubes that were sandwiched between the two rollers. To ensure that the tubes move straight, their movement were guided by the guide holes and the grooves on aluminum heat block (Fig. [6B,C](#Fig6){ref-type="fig"}). Compared to the tube pulling design by the Haselton group^[@CR61]^, our design can be readily scaled up to afford more tubes by simply increasing rollers' length, aluminum heat block's size, and the number of guide holes. The aluminum heat block was connected to a thermoelectric module positioned under the heat block (Fig. [6A](#Fig6){ref-type="fig"}) and a temperature sensor (Fig. [6B](#Fig6){ref-type="fig"}), allowing closed-loop temperature control. A permanent magnet bar was placed after the guide holes and under the tubes (Fig. [6C](#Fig6){ref-type="fig"}) for concentrating and moving hybridization sandwiches inside the tubes. The use of a permanent magnetic bar has several advantages including strong magnetic field, no energy consumption, and no heat dissipation. SERS signal was measured by focusing laser beam from the handheld Raman reader Hamamatsu Photonics K.K., Japan, Fig. [6D](#Fig6){ref-type="fig"}) onto the hybridization sandwiches concentrated by the permanent magnet. It is noteworthy that when target sequence concentration was in pM range or lower, the handheld Raman reader was not sensitive enough, and a lab-built Raman fiber probe-based system^[@CR50]^ that is mounted a wheeled cart was used instead. All electronics components were housed inside the controller box (Fig. [6A,D](#Fig6){ref-type="fig"}). A LabVIEW program was developed to control the stepper motor which drives the glass tube. Another LabVIEW program (TE Technology, MI, USA) was used to control temperature.Figure 6(**A**) 3D model of the lab-in-a-stick device. (**B**--**D**) The lab-in-a-stick portable device. The device that can handle up to twelve samples simultaneously with temperature control.

Operational procedure of the device is quite simple. First, glass tubes were placed onto the device as shown in Fig. [6C](#Fig6){ref-type="fig"}. Washing solutions and sample solutions (e.g. blood lysate) spiked with functionalized magnetic beads and nanorattles were loaded into the glass tubes by pipetting. All solutions were separated to each other by 2 µL mineral oil spacers. The solutions were positioned so that the sample solutions were on top of the heat block (Fig. [5B](#Fig5){ref-type="fig"}, step a). The heat block temperature was increased to 40 °C. Sample solutions were incubated at this temperature for several hours for hybridization sandwich formation. During this time, the tubes were continuously moved back and forth in short distances to decrease the magnetic bead sedimentation rate. After that, the glass tubes were pulled toward the permanent magnet by the two rollers for magnetic bead concentration (Fig. [5B](#Fig5){ref-type="fig"}, step b). The glass tubes were then slowly pulled back to the original position by the two rollers. Hybridization complexes were thus dragged through washing solutions, leaving excess nanorattles and non-specific binding behind (Fig. [5B](#Fig5){ref-type="fig"}, step c to e). In each of the washing solutions, the magnetic beads were agitated by quickly moving the tube back and forth in short distances multiple times to remove non-specific binding. Finally, laser beam was focused on the hybridization sandwiches for SERS measurement (Fig. [5B](#Fig5){ref-type="fig"}, step f).

Detection of synthetic DNA target and extracted RNA in hybridization buffer {#Sec6}
---------------------------------------------------------------------------

Using the lab-in-a-stick integrated device, we conducted a quantitative test using serial dilutions of malaria synthetic target sequences in hybridization buffer. The target sequence was chosen from a highly conserved region of the 18S rRNA gene of *P*. *falciparum*; this RNA sequence is highly expressed during the asexual (blood) stage of P. falciparum, accounting for up to 20% of all RNA sequences present in blood-stage parasites^[@CR69]^. Capture probe and reporter probe were designed to be complementary to the two ends of the target sequence (Fig. [5A](#Fig5){ref-type="fig"}). SERS-encoded cube nanorattles loaded with 1,1′,3,3,3′,3′-hexamethylindotricarbocyanine iodide (HITC) were used as the SERS nanotags. SERS spectra of samples with different synthetic target concentrations ranging from 10 nM to 10 fM and a blank are shown in Fig. [7A,B](#Fig7){ref-type="fig"}. SERS peaks of the HITC-loaded cube nanorattles are labeled in Fig. A, and the SERS intensities at 930 cm^−1^ in Fig. B were used to plot the calibration curve (Fig. [7C](#Fig7){ref-type="fig"}). Using the IUPAC standard method (LOD = y~blank~ + 3 × SD~blank~, y~blank~ and SD~blank~ is the average and standard deviation of the blank signals), limit of detection was calculated to be 200 femtomolar. This was equivalent to 2 attomoles, given the tested volume of each sample 10 μL. The linear dynamic range of the assay ranges approximately from 1 pM to 100 pM.Figure 7Detection of malaria synthetic DNA and malaria extracted RNA. (**A**) SERS spectra of 10 nM malaria synthetic DNA vs. Blank. (**B**) SERS spectra of blank and 10 fM to 1 nM malaria synthetic DNA. (**C**) SERS intensity at the 930 cm^−1^ peak at different malaria synthetic DNA concentration. (**D**) Direct detection of malaria P. falciparum RNA extracted from red blood cells infected with malaria parasites. Error bars represent standard deviation from (n = 3). In addition, the Supplementary Information section provides the spectra for concentrations below 10 pM from (**B**) plotted in scale (Fig. [S11](#MOESM1){ref-type="media"}) and a table with the values and error of the data points shown in (**C**) (Table [S1](#MOESM1){ref-type="media"}).

Experiments with real biological samples, RNA extracted from cultured malaria parasites, were also conducted. SERS intensities from the blank (negative control), RNA extracted from a human cell line (Fadu, negative control), and RNA extracted from cultured malaria parasite (positive control) are shown in Fig. [7D](#Fig7){ref-type="fig"}. While the signal from the blank and the human cell RNA were low, the signal from the malaria RNA was high, indicating that our nanorattle-based sandwich method could specifically and directly detect RNA extracted from malaria parasite without target amplification.

Direct detection of unamplified malaria RNA in blood lysate {#Sec7}
-----------------------------------------------------------

In this section, we tested performance of the assay in blood lysate. We started with an experiment to detect synthetic targets that were spiked into blood lysate. QuantiGene sample processing kit for blood samples (Thermofisher) was used to lyse healthy blood samples, followed by the addition of synthetic targets (10 nM final concentration). Magnetic beads functionalized with capture probes and nanorattles functionalized with reporter probes were added to the blood lysates (spiked with synthetic targets). The mixtures were loaded into lab-in-a-stick device for incubation, automatic washing, and detection as described earlier. The results showed that synthetic target at 10 nM could still be detected in blood lysate as shown in Fig. [8A](#Fig8){ref-type="fig"}. However, in this experiment, when streptavidin magnetic beads functionalized with biotinylated capture probes using streptavidin-biotin interaction were used, we observed a significant increase in blank signal when the assay was tested in blood lysate in comparison to in hybridization buffer. This can be attributed to potential denaturation of streptavidin on magnetic bead's surface by various components in blood lysate, resulting in more non-specific bindings and high blank signal. In contrast, for amine magnetic beads functionalized with thiolated capture probes using a NH~2~-to-SH crosslinker (sulfosuccinimidyl 4-(N-maleimidophenyl)butyrate), we achieved a particularly low blank background signal in blood lysate (below 100 counts, Fig. [8A](#Fig8){ref-type="fig"}). Meanwhile, the signal for 10 nM targets spiked into blood lysate was still quite intense (more than 37,000 counts). SERS spectra of these samples are shown in Fig. [8B](#Fig8){ref-type="fig"}. The results indicated that the amine magnetic bead and NH~2~-to-SH crosslinker are more suitable for blood lysate experiments in comparison to streptavidin magnetic bead and streptavidin-biotin interaction.Figure 8(**A**) Performance comparison between two different magnetic bead-capture probe conjugation chemistries: streptavidin-biotin and amine-to-thiol crosslinker. (**B**) Detection of 10 nM synthetic malaria DNA spiked into whole blood lysate. Error bars represent standard deviation from (n = 3).

Finally, direct detection of native malaria RNA in lysate of cultured malaria-infected red blood cells (RBSc) was conducted. RBCs infected with P. falciparum strain FVO was cultured by the method described by Trager and Jensen^[@CR70]^. The cultured malaria-infected RBCs samples was determined to be at 4% parasite density as quantified by smear microscopy. Assuming 10 million erythrocytes per microliter of packed erythrocytes, 4% parasite density would yield 400,000 infected RBCs per microliter. Malaria-infected RBCs lysate was prepared using the QuantiGene sample processing kit for blood samples. Amine magnetic beads functionalized with capture probes and ultrabright SERS-encoded cube nanorattles functionalized with reporter probes were used for the detection of 18s rRNA targets in malaria-infected RBCs lysate. Without any nucleic acid extraction or target amplification such as PCR, we observed a clear difference between the SERS intensity of malaria-infected RBCs samples and of non-infected RBCs samples (Fig. [9A](#Fig9){ref-type="fig"}). Longer incubation time (5 hours) resulted in higher signals than 3 hours incubation. Long incubation time could be explained by low concentration of malaria RNA targets, resulting in slow sandwich formation kinetic. In the future, the incubation time could potentially be reduced by employing active mixing of magnetic beads in blood lysate.Figure 9(**A**) Direct detection of malaria RNA in lysate of malaria-infected red blood cells using 3 h and 5 h incubation time. (**B**) SERS spectrum of direct detection of malaria RNA in lysate of malaria-infected red blood cells using 5 h incubation. Error bars represent standard deviation from (n = 3).

Average SERS spectra of malaria-infected RBCs samples vs. healthy non-infected RBCs samples using 5 h incubation are shown in Fig. [9B](#Fig9){ref-type="fig"}. Direct detection of pathogen nucleic acid in blood lysate without purification and target amplification is particularly challenging due to low target concentration (fM range or lower) and harsh blood lysate environment. Herein, we demonstrated for the first time that the cube nanorattle-based sandwich assay integrated in a lab-in-a-stick portable device could be used for direction detection of malaria RNA in lysate of cultured malaria-infected RBCs without any RNA extraction or target amplification. It is noteworthy that the malaria-infected RBCs used in this study had relatively high malaria parasite density. In the future, the assay and the device can be further optimized for detection of malaria-infected RBCs with lower, more clinical relevant malaria parasite densities.

Conclusion {#Sec8}
==========

We have synthesized novel ultrabright SERS-encoded cube nanorattles. Raman reporters were protected inside the nanorattles, making the them highly stable in biological systems. Using the ultrabright SERS cube nanorattles and magnetic beads, we have developed a sensitive DNA detection assay based on and sandwich hybridization. A lab-in-a-stick portable device was developed for the automation of the washing process. Using the device, up to twelve samples could be simultaneously washed in automatic fashion. The results with synthetic target sequences showed a limit of detection of 200 femtomolar (2 attomole). Furthermore, this device was capable of directly detecting malaria RNA extracted from malaria parasites without target amplification. Finally, we demonstrated proof-of-concept SERS-based direct detection of malaria RNA in malaria-infected RBCs lysate without any RNA extraction or target amplification. The detection process was simple and involved adding nanorattles pre-functionalized with reporter probes and magnetic beads pre-functionalized with capture probes to blood lysate samples followed by several hour incubation, an automated washing step using a lab-in-a-stick portable device, and SERS measurement. To the best of our knowledge, this is the first time a SERS-based direct detection of pathogen nucleic acid in blood lysate without any nucleic acid extraction or target amplification was reported.

Materials and Methods {#Sec9}
=====================

Materials {#Sec10}
---------

Sodium borohydride (NaBH~4~), hexadecyltrimethylammonium bromide (CTAB), Au chloride solution (HAuCl~4~) 200 mg/dL in deionized water (ref \# HT1004-100ML Sigma), ascorbic acid (AA), hexadecyltrimethylammonium chloride (CTAC) solution 25 wt. % in water (ref \# 292737 Aldrich), polyvinylpyrrolidone Mw \~55,000 (PVP), methanol (MetOH), 1,3,3,1′,3′,3′,-hexamethyl-2,2′-indotricarbocyanine iodide (HITC), tetradecanol (TD), phosphate buffer saline (PBS), tris-EDTA buffer solution (TE), tween 20, sodium chloride (NaCl), hydrochloric acid (HCl) were purchased from Sigma-Aldrich. Sodium citrate dihydrate was purchased from BDH. Methoxy polyethylene glycol thiol Mw 5000 (mPEG-SH) was purchased from Nanocs. Magnetic beads were purchased from Life Technologies. All DNA sequences (Table [S1](#MOESM1){ref-type="media"}) were synthesized by Integrated DNA Technologies (IDT, Coralville, IA). Millipore Synergy ultrapure water (DI) of resistivity = 18.2 MΩ cm was used in all nanoparticle synthesis solutions. Nuclease-free water was used in all experiments relating to RNA and DNA.

AuNP synthesis {#Sec11}
--------------

AuNP were synthesized using a seed- mediated method^[@CR52]^. Au seeds were prepared by adding 0.6 ml of 10 mM ice cold NaBH~4~ to 10 ml of 0.25 mM Au chloride (HAuCl~4~) in 0.1 M CTAB solution under vigorous stirring. Upon NaBH~4~ addition, the solution's color quickly changed from yellow to brown, indicating the formation of small Au seeds. Stirring was stopped after 10 min and the seed solution was aged for 3 h at 27 °C to ensure complete decomposition of remaining NaBH~4~. Growth solution was prepared by adding 3 mL of 1.0 M freshly prepared AA to mixture of 3.94 mL of Au chloride (\~5.08 mM concentration), 10.58 mL of CTAC solution, and 92.4 mL of DI water. Upon AA addition, the Au chloride solution quickly changed color from yellow to colorless, indicating the reduction of Au3^+^ to Au^+^. AuNP (\~14 nm) was synthesized by adding 2 mL Au seeds to the above growth solution under magnetic stirring. Solution color changed from colorless to wine red within a few minutes, indicating the growth of Au seeds into larger AuNP. After the solution color became stable, magnetic stirring was stopped, and the solution was left undisturbed for 1 hour. Growth solution for synthesizing 20 nm AuNP was prepared by adding 7.5 mL of 1.0 M freshly prepared AA to mixture of 10 mL of Au chloride (\~5.08 mM concentration), 52.9 mL of CTAC solution, and 479.5 mL of DI water. AuNP (\~20 nm) was synthesized by adding 20 mL of 14 nm AuNP to the above growth solution under magnetic stirring. The solution was stirred for five minutes and left undisturbed overnight in dark.

AuNP's extinction coefficient was measured using FLUOstar Omega microplate reader. Extinction coefficient measurements showed LSPR peak at \~522 nm. For transmission electron microscope (TEM) imaging, 5 µL of the prepared AuNP was dropped on Formvar carbon film-coated 200 mesh copper grids and allowed to dry at room temperature. TEM images were taken using FEI Tecnai G² Twin TEM system. TEM image analysis using ImageJ showed that AuNP have diameter of \~20 nm.

Ag shell coating and galvanic replacement {#Sec12}
-----------------------------------------

Two hundred twenty-five mL of the as-prepared AuNP (20 nm) were washed once with DI (12,500 rcf, 20 minutes) and resuspended in equal volume of 20 mM CTAC. The solution was heated to 60 °C for 20 minutes under magnetic stirring. Ag cubic shells were coated on 20 nm AuNP to form Au-Ag core-shell structures (AuNP\@AgCube). Briefly, 100 mL of 2 mM AgNO~3~ and 100 mL of 50 mM AA in 40 mM CTAC were simultaneously added to the heated AuNP solution at the rate of 5 mL/min/each solution. The process took 20 minutes during which the color slowly changed from light red to orange. The mixture was covered with parafilm M (Bemis) and left at 60 °C for 4 hour under magnetic stirring to obtain AuNP\@AgCube.

AuNP\@AgCube (270 mL) were centrifuged once at 5,000 rcf for 15 m followed by resuspending in mixture of 135 mL of 100 mM PVP and 135 mL of 0.2 M CTAC. The solution was heated to 90 °C for 2 min before 35 mL--45 mL of 0.5 mM Au chloride solution was slowly added. The process took approximately 20 minutes. During Au chloride addition, the solution color changed from orange to dark brown, and finally to purple, indicating that the Ag shells were galvanically replaced by Au3^+^ to turn into porous Au-Ag cages. The solution, containing porous Au-Ag cages with AuNP inside (AuNP\@CubeCage), was further heated for 10 min and then cooled down to room temperature. AuNP\@CubeCage were collected by centrifugation (6,000 rcf, 20 minutes) and resuspensded in DI water to remove excess PVP and CTAC. The resuspension was centrifuged once more time and resuspended in 6 mL DI water to obtain stock AuNP\@CubeCage solution.

Loading Raman reporters into AuNP\@CageCube {#Sec13}
-------------------------------------------

For Raman reporter loading without using TD, fifty µL of stock AuNP\@CageCube were mixed with 100 µL of 1 mM Raman reporters in 850 µL of EtOH. The mixture was left at room temperature for 2 hours under shaking followed by centrifugation at 7,000 rpm for 10 minutes. The pellet was washed once with DI and resuspended in 1 mL of 0.1 M CTAC.

For Raman reporter loading using TD, the AuNP\@Cage in MetOH solution was heated to 50 °C in a glass bottle followed by addition of 200 mg tetradecanol and 20 µL of HITC dye. The solution was heated overnight to completely evaporate MetOH and to allow tetradecanol and HITC dyes to go into AuNP\@Cage structures. Boiling DI water (3 mL) was added to separate phases, one being TD/dye mixture and the other containing water and a small amount of AuNP\@Cage. The majority of AuNP\@Cages were however stuck on the glass bottle bottom. The solution was kept in an ice bath for 2 mins to solidify TD. After TD solidification, sonication was used to re-disperse AuNP\@Cages stuck at the glass bottle bottom into water, turning the solution color to purple. The mixture was set aside for 5 mins to allow TD to form a layer on the solution's surface. The solution, without TD, was carefully transferred into a 15 mL centrifuge tube using a pipette. DI water was added to increase the solution volume to 10 mL. The solution was centrifuged and resuspended in 1 mM CTAC solution several times to remove excess TD and dyes.

Final Au coating {#Sec14}
----------------

Growth solution was prepared by adding 500 µL of 0.2 M AA (freshly prepared) to mixture of 150 µL Au chloride solution (\~5.08 mM) and 8.5 mL of 0.1 M CTAC. Raman reporter-loaded AuNP\@CageCube prepared above (1 mL in 0.1 M CTAC) were added to the growth solution under magnetic stirring. Stirring was stopped after a few minutes, and the solution was left undisturbed overnight in dark. Nanocube nanorattles were obtained by centrifuging the solution at 3,000 rcf for 15 minutes followed by washing the pellet once with DI water and resuspension in 1 mL DI water.

Functionalization of nanorattles with thiolated DNA Reporter Probes {#Sec15}
-------------------------------------------------------------------

Nanorattles were functionalized with DNA reporter probes using a pH-assisted method with slight modifications^[@CR50]^. First, 5 µL of 100 mM TCEP in TE 1X was added to 50 μL of 100 μM thiolated DNA reporter probes. The mixture was incubated for 1 h at room temperature before being added to 1 mL of nanorattles. The new mixture was incubated for 1 hour under shaking. Then 10 μL of citrate-HCl buffer (300 mM trisodium citrate, pH adjusted to 3.1 using 1 M HCl) was added to promote loading of DNA onto nanorattles. One hour later, the mixture was centrifuged at 6,500 rpm for 5 minutes. Fifty microlitters of 1 mM SH-PEG 5 K (freshly prepared, sonicated 5 minutes) was added to the pellet followed by addition of 1 mL PBS 1X with 0.01% TW20 and sonication. The solution was centrifuged at 6,500 rpm for 5 minutes. The pellet was washed once with TE 1X followed by resuspension in TE 1X and storage at 4 °C before use. The functionalized nanorattles are good for use within 3--4 months.

Functionalization of streptavidin magnetic bead with biotinylated DNA capture probes {#Sec16}
------------------------------------------------------------------------------------

Magnetic beads (Dynabeads MyOne Streptavidin C1, 1 μm diameter) were functionalized with DNA capture probes using the manufacturer's protocol. Briefly, 200 μL of 10 mg/mL stock magnetic bead was washed three times using 1 mL washing buffer 1X (5 mM Tris-HCl pH 7.5, 0.5 mM EDTA, 1 M NaCl) and resuspended in 400 μL washing buffer 2X. To load DNA capture probes on magnetic beads, 400 μL of 5 μM biotinylated DNA capture probe was added to the resuspension. The mixture was placed at room temperature under gentle shaking for 0.5 h. Then, DNA capture probe-loaded magnetic beads were washed three times using washing buffer 1X and resuspended in 1600 μL TE 1X (magnetic bead final conc. 1.25 mg/ml). The as-prepared capture probe-loaded magnetic bead solution was stored at 4 °C and used within 3--4 months.

Functionalization of amine magnetic bead with thiolated DNA capture probes using amine-to-thiol crosslinker {#Sec17}
-----------------------------------------------------------------------------------------------------------

A published protocol^[@CR71]^ with some modifications was used to functionalize amine magnetic bead with thiolated DNA capture probes. Dynabeads M-270 Amine (MMPs), amine-to-thiol crosslinker sulfo-SMPB (sulfosuccinimidyl 4-(N-maleimidophenyl)butyrate), sulfo-NHS-acetate, and TCEP·HCl (Tris(2-carboxyethyl)phosphine hydrochloride) were obtained from Thermofisher. Dimethyl sulfoxide anhydrous (DMSO) was obtained from Sigma-Aldrich. Passivation buffer contained 150 mM phosphate buffer and 150 mM NaCl (pH = 7.5). Coupling buffer contained 100 mM phosphate buffer and 200 mM NaCl (pH = 6.9--7.0).

MMPs was removed from refrigerator \~15 min before use. Two hundred microliters of MMPs was washed three times with 1.5 mL DMSO (be sure to remove all supernatant). Ten milligrams of SMPB was dissolved in 200 μL DMSO. Add the SMPB-DMSO solution to the dry MMPs pellet and transfer the MMP-SMPB solution into a 10 mL tube. The SMPB bottle and MMP tube were washed with DMSO, and all DMSO washes were added to the 10 mL tube. Volume of solution in the 10 mL tube was made up to 3.16 mL using DMSO. The mixture was wrapped with aluminum foil and placed on shaker for 4 hours. After 4 hours, the MMPs were washed three times with 15 mL DMSO (tube was changed between second and third wash, cover particles with foil while separating). Wash the MMPs twice with coupling buffer, resuspend in 1 mL coupling buffer, transfer to 1.5 mL microcentrifuge tube, remove supernatant. TCEP-reduced thiolated DNA capture probes were prepared by adding 5 μL of 0.1 M TCEP to 50 μL of 100 µM thiolated DNA capture probes. The solution was incubated for 45 min before being added to the MMPs, wrap in foil, and shake for 1 hour at room temperature. Remove supernatant, resuspend in 1 mL coupling buffer, transfer to a new 1.5 mL tube, wash three times with 1 mL coupling buffer (change the tube between second and third wash).

For passivation, wash the MMPs twice with 1 mL passivation buffer, change to 10 mL tube between first and second washes. Dissolve 20 mg sulfo-NHS-acetate in 7 mL passivation buffer. Add this solution to the dry MMPs. Wrap in foil and shake for 1 hour at room temperature. Wash the MMPs three times with 10 mL passivation buffer, changing tubes between second and third washes. Wash twice with 1 mL storage buffer (TE 1X), with final resuspension in 1 mL storage buffer (TE 1X). Store at 4 °C.

Nucleic acid detection in hybridization buffers {#Sec18}
-----------------------------------------------

DNA quantification capability of the nanorattle-based method was demonstrated by testing sample solutions containing synthetic DNA sequences of wild type malaria parasite P. falciparum at different concentrations. Sample solutions were prepared by serial dilution of stock target sequence in hybridization buffer (SSC 5X, BSA 1%, SDS 0.02%, freshly prepared). RNA extracted from malaria parasite P. falciparum was also tested by adding 1 μL extracted RNA to 4 μL hybridization buffer. For each 5 μL sample solution, 2 μL of magnetic beads loaded with capture probes and 3 μL of nanorattles loaded with reporter probes were added. The mixtures were pipetted into glass capillary tubes placed on the second-generation lab-on-a-stick device. After 3 h of incubation at 40 °C, hybridization complexes were washed three times (100 cycles each) in three washing buffers (same composition as the hybridization buffer). The hybridization complexes were then moved to the fourth washing buffer and concentrated using a permanent magnet for SERS measurements.

Nucleic acid detection in blood lysate {#Sec19}
--------------------------------------

QuantiGene sample processing kit for blood samples (Thermofisher) was used for lysing blood samples. Cultured malaria-infected red blood cells (RBCs, \~400,000 parasites/μL) were used for testing the method. Non-infected RBCs or whole blood with and without synthetic target sequence spike-in were used as positive and negative controls (10 nM final target concentration for the positive control). Whole blood/RBCs working lysis mixture was prepared accordingly to the manufacturer protocol. Briefly, lysis mixture was pre-warmed at 37 C for 30 min. For 12 μL of whole blood or RBCs, 84 μL working lysis mixture containing of 32 μL lysis mixture, 50 μL RNase free water, and 2 μL of proteinase K was prepared and added, resulting in 96 μL solution. The solution was vortexed immediately for 30--60 seconds followed by incubation at 60 °C for 1 hour (preferentially under shaking).

After 1 hour, 7.68 μL of capture probe-functionalized amine magnetic beads and 11.52 μL reporter probe-functionalized nanorattles were added to each 96 μL lysate (blood lysate that was not used immediately was stored at −80 °C). The new mixture was incubated at 40 °C for 3--5 hours for sandwich hybridization.

Then, 30 μL aliquots was loaded into glass capillary tubes placed on the second-generation lab-on-a-stick device. The glass tubes had been previously loaded with four of 10 μL washing buffer solutions (SSC 5X, BSA 1%, SDS 0.02%, freshly prepared) separated by 3 μL mineral oil solutions. Magnetic beads were washed three times (50 cycles each) in the first three washing buffer solution before being moved to the final washing buffer solution for magnetic bead concentration and SERS signal measurement.
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